US011110430B2

a2 United States Patent (10) Patent No.: US 11,110,430 B2

Sakuma et al. 45) Date of Patent: Sep. 7, 2021
(54) TREATMENT METHOD OF RADIOACTIVE 9/12 (2013.01); BOID 2253/108 (2013.01):;
IODINE-CONTAINING FLUID BOID 2257/202 (2013.01); COIP 2004/03

| (2013.01); COIP 2004/61 (2013.01)
(71) AppllCElﬂtSEBARA (j()lllj.()I{z_A'I‘I()N,J TOkYO (JP), (58) Field of Classification Search

TJgSOH CORPORATION, Yamaguchi CPC ... BO1D 2253/108: BOID 2257/202: BO1D
(IP) 53/04: BO1J 20/18: BO1J 20/28: BO1]
(72) Inventors: Takashi Sakuma, Tokyo (JP); Makoto 20/28004; BO1J 20/28016; BO1J 20/3007;
Komatsu, Tokyo (IP): Takeshi Izumi CO1B 39/14: COLB 39/18: COIB 39/22:
Tokyo (IP); Keisuke Tokunaga ’ G21F 9/02: G21F 9/12: COLP 2204/03:

CO1P 2204/61

Yamaguchi (JP); Shigeru Hirano, L _
See application file for complete search history.

Yamaguchi (JP)

(73) Assignees: EBARA CORPORATION, Tokyo (JP);  (96) References Cited
4,735,786 A 4/1988 Inoue et al.
(*) Notice: Subject to any disclaimer, the term of this 4,913,850 A 4/1990 Puppe et al.
patent 1s extended or adjusted under 35 gagggagig i 1%; iggé ;}Vuilhelm etl al.
! ] PpPC et al.
U.S.C. 154(b) by 25 days. 6,506,935 B1* 1/2003 Kulprathipanja ....... CO7B 63/00
562/606
(21)  Appl. No.: 16/079,177 2014/0048489 AL*  2/2014 Hirai wooooooooooovooernnon. CO2F 1/42
| 210/683
(22) PCT Filed: Feb. 23, 2017 2016/0247588 Al 8/2016 Kobayashi et al.
(86) PCT No.: PCT/IP2017/006750 FOREIGN PATENT DOCUMENTS
§ 371 (c)(D). EP 0 608 057 Al 1/1994
(2) Date: Aug. 23, 2018 TP H60-225638 A 11/1985
JP HO06-183725 A 7/1994
(87) PCT Pub. No.: W02017/146130 JP HO06-214095 A 8/1994
JP 3647667 B2 5/2005
PCT Pub. Date: Aug. 31, 2017 JP 2012-233749 A 11/2012
IP 2013-104727 A 5/2013
(65) Prior Publication Data JP 5504368 B1 ~ 5/2014
IP 2015-081841 A 4/2015

US 2019/0060864 Al Feb. 28, 2019
OTHER PUBLICATTONS

(30) Foreign Application Priority Data
International Search Report 1ssued in Patent Application No. PCT/
Feb. 26, 2016 (IP) ..o, JP2016-035352 JP2017/006750 dated May 23, 2017.
Wiritten Opinion 1ssued 1n Patent Application No. PCT/JP2017/
(51) Imt. CL 006750 dated May 23, 2017.
BOID 53/02 (2006.01) Extended European Search Report 1ssued in Patent Application No.
Bo1J 20/18 (2006.01) EP 17 75 6568 dated Sep. 25, 2019.
CO0IB 39722 (2006.01)
G2IF 9/02 (2006.01) * cited by examiner
G21F 9/12 (2006.01)
COIB 39/18 (2006.01) Primary Examiner — Christopher P Jones
BO1J 2028 (2006.01) (74) Attorney, Agent, or Firm — Pearne & Gordon LLP
B01J 20/30 (2006.01)
BOID 53/04 (2006.01) (57) ABSTRACT
C01b 39/14 (2006.01) The present invention provides a treatment method of a
(52) U.S. CL radioactive iodine-containing fluid, comprising passing the
CPC .. BO1J 20/18 (2013.01); BOID 53/04 radioactive iodine-containing fluid through an adsorbent for
(2013.01); Bo1J 2028 (2013.01);, BO1J iodine consisting of a silver-containing binderless zeolite

20128004 (2013.01);, BO1J 20/28016 molded body having a silver content of 50 mass % or less,
(2013.01); Bo1J 20/3007 (2013.01);, C01IB to adsorb the radioactive iodine on the adsorbent for iodine.
39/14 (2013.01);, C01B 39/18 (2013.01); CO1B
3922 (2013.01); G21F 9/02 (2013.01); G21F 4 Claims, 7 Drawing Sheets



US 11,110,430 B2

Sheet 1 of 7

Sep. 7, 2021

U.S. Patent

-
-y
x
- -
W)
"
ox
-
!
- .
x
o -
) -
a“ Hﬂﬂﬂﬂ:ﬂgﬂﬁﬂﬂ!ﬂﬂﬂﬂﬂll . . Ko
- KA A A A A KA A R A
X e AR e L .
N - o A ; i
”._..H.qn.qu.q”&” . Pl .___a_-___. R :xanla“a"__."r. H.-_H...”.-_....._“...”.___ Hr.Hr.”r.Hannx“xun“xnn“nnn“xunnna r.un“n“a"a“n"u“:..
R L e R O U ]
) Yy L W o e T
i waa X R R K RN K e R -
U R R R K A A Wt I i,
L R R P A e e N e R e e
KN o 0 N
FAE I A
EVAE A R .
ol
FXE A ol I N
FRE A A Ve
M o A i
F A, A A
E X o A .
Rl
O R, i
- A A A A A A AR -
o PP e e x """ xn“a“x”x”xnnanranaﬁx”x”x”x”x“:"a“l" xanan..
o XA A A R R A u R A A A KA A L -
! A X’ (A e e K
X K R R X K RN
A o N A R R KA A xm o X R R
Y xR X K = XA R R
! O K o 0
X F pol il
’ O 0 A FO,
o A X -
r.x”x”xnnnx“a:a“nna“n“a"a“anai .xwx”x”x”x“axananar e
P : -
N A ’
xR R R "
O l"ihxr.xxna
xR R R R -
y ” ”xHx”ann“n”a“n“n“n“a“a“a"a" llﬂx”x”x”x”x”xﬂana o
N R R R . N -
.r.”..“l":Hx”a“..“x“a“n“a“n“a"a“n“ n “x“x”x”x”xwx“a“xﬂa“naana:an:aﬂ_ WA N
Fl e L -
W, [ ) o iy
. llllur.Hx”n“n"a"n"n"a"a"n"aln"l AR A A A A -
N
KR R R KRR xR
xR R R wrx
n ll"n”n"nnnuxnaaxxnxnxni . "n"a"axn
R KKK K A
A A -
llll"lnrx" x”arx”x“
' e P, e A e -
"I o HH!HH.“HH .?Mr”v...
X AP AN
'y o S A KW
r oy ; A -
" ! oo N A KW
X o e e -
o o P IAN
* ! O
' XX U A A
. N A ;
r R L N L L e A o o e -
- o L e e e AN P
* o e e e e e e S
r | .-...1.._ + ....l....tl.... L ......_ - ......1.._..._..-...1.... 1.-..._......._..-......_..-..-..-_.-. | | HF!PHHHF!H:. =
, R R N R N sl s aaa Snl Fop P A M HX
T ll“-lln xR o I T e .._....H.........................-..._._......t.._...-_.qi.q.._... M A AN
* I_-" u lﬁ:xaal R o e A A g A ) O ]
k BN R R e e e e U e Fly oy i,
) R ke e e a ar ae Ta Tar de a Tae e i
o ul N C A Al M M) xR -
L) -l_ﬁiiﬂn R a T aaTae a  a Taear e T i T e e ol
) N W s e e e T e T Ta e T ag T e T -
L) A T T T L T T el o NN N ]
') A s T e ar ar e o T T i taa T a xR -
L) xS A A e T e i e e ]
DN e ___..__._._t...__...“_....___.-h_.......wu............L....._..L.r.........&....q.._......&... Al M
O AW T e e T e e x
X T R L A ®
o o & N &
TH.; e T g n" u
H axr.__."nnan.
¥ nnlvn-
) o
P xaa__.llll“
) __.annlll“n-
X .
T....._..q Y .Hann"l -3
K
r xR -
i
’ L
R R X
¢ L
y .-_.-.4...”.-”*”...”&”.4”3-.-" "x”rﬂn“ “a”-.
r A N e -
N R AL R o e -
! W T i e
i T i
r P N A e e e e -
N N L e
' O L N e -
L N N Al o X
. O N L A e e -
A N P L X A
r PN B e e e e -
P L T L e
[ o i b & .
” N e . aaa e, “ F.Hn“a“n"a"n-
; N M NN L
W b e b O L
e T e oo g
L AL A ML W A
o N e X K -
AN N ]
S W e
WA AR A K R L K -
P o L o -
N
g R A g Sal e o o Ryl .
” a"nnx“xﬂxxnxxua"la
xR A KA K )
PO I T N Pt o o
e A E e e o -
e e i e M .
e e T AL
L
xR KA e .
R A A -
Sl .
e A K,
A
2 A e KK -
A A
& T DT, .
| ”h_ .....H...Htur..._....”t.rk...*”.-..qn "n"n__.n..ll e X l"n"r.”... Hﬁﬂﬁﬂﬂﬂ!ﬂ x
e e MR A A M A AW
' w T T i e
I A R I
. ; ; -
" . » &4#..”.4”.._____ l"a”xux"a"l"a“n"n"a"a"l ux“n”x“nnxnn“xﬂv...
SR R R s
e R R KN -
e

]

ll:l:-l:ll'll-'ll L)

-
"

Fig. 2

LI

'*#*i'l‘ll#ll.: X P& L b

L N

E

N )

P

LN L

L4

i
.:!xxxr"
AN

] '::”.1-

HEHHHII'

X R A A
P P

Al
A A A
A A A M
XA AKX lxlx';:'_

" ";l:u

| A
IHHIIHHHHH

A
'n

L]

l-:.

oo A A A N A

Mo A AN M A
A A A A

i
I'H
XN
I

i)

L |
X
Al

Al_
oo A MM A

l"?ll:".
WX X N A A

K_x X
e K

¥+

Y
A

.r.

IHHHIII l.
L "i:#"l'

L ]
L}
»

IIIIIHH
ool

I.I

C A_N_A
H:I:H:I-I A MM A
A A
2

L ]
L “"¥‘*q-:"

)

LI

»

X E X N i
»

b

HHIHH‘:HIHIH

!I!HH. 'I.I-I.I.I- a

L4
L4

]
=
X

L
L B |
Lt g

T
P NN
¥

Pl

¥

¥
)

e

o

X X K
X X X
X

L}
»
X

»

F3
F3
F3

x




US 11,110,430 B2

Sheet 2 of 7

Sep. 7, 2021

U.S. Patent

(9558W 9¢) syjosz adh-y sBpuld @

 {enssew Gp)
a)j0BZ JOAIS SUAlY SSaUSPUIG

(9.SSBW (F) 811i09Z aCGA-Y SSalspUIg ©

(Jajemess 0} sanejal 01/)) HMOINYHIE NOILdHOSAY 3NIQO!

.ﬁw ..................... i ptapbabuap b eramatadaibafehab s mpuauela et etadet et ebubuabapsbaint eimaatatetatatabetubatebabutetulvinfeiatatebatuiit ..........................................................................

BU

O

¢ "bi4



US 11,110,430 B2

Sheet 3 of 7

Sep. 7, 2021

U.S. Patent

&
T )

e
o
e e

x B
F ol - - -
- "._Hn .4_-_".._.H.4“...|u”..4.r...n_-....4 .__.”.-_ X kW )
l"n“ R
- "N -
-

....
"
MR R RN

e N
" a Mok

EERERET
] ]
ERERERTR
n 4
Sy ;
Syt
SRR .

&
R
L A X N
LE & ¥ 3
F |

|
?l'?l:l
A
L |
el
M
]

Al
Al
Al
]
|
il'!!

S M
N R L T g
I-.I-_.qt-.q.r....._........q._...._q..r.r.q._...._....
_-.
.-_

e
E

' Al
A
|
.

o

l'x?!

s

o
Pl iyt .........-. bh.-.rt.r.-.-.r.r.r.-.a..-.........r.r
.__.rn.__.r.._."".'1 P

)

i
r
e

» A a A v om om_ap i
oS
LRI

L N R ]

D T T . . .
LR T T . . .
.I ] ] r I... ...
R

L
r

T
.. ..-I
..I-.
.I .

.

) o .
H.qu...” - "a”xx S
.___H.___“.a ) __."a . . -
o x
T e -
o - ey I i
e v -
AL - n RIS
LA A PN o ST
l-nl -....4r..r4...k&..n.q”4”4”.-”4”...”4”H ) _-I"-H.qu.-. n "a“ Lo
W T i o O e
T ey e - o Ly x - ST
e e W e X e Xonx L -.q“.._..__r.ﬂ R
L 3 - e tata s S R R N N R T LT
» Pt urar * A o NN NN N - g
Ill"....r.q.rk.q...&.q...._._.q....q.q...&.q...& Pl . N I N N N - - -
e e LAt - s Faa e e e S -
b e e e ST _ » e A e .q.........&...uu...u.qtkt....._l w IR
R s et e A M » X R A -
A e e i i i i et - u e e P - -
ar e ! ..q..__.,_..”r AN AN RN N Xy ____.._..._..q...k.._h_“r“r_-__-_ VA
e AN I AL ML At Nl M ) - u....r.q...&&...t.k..“tkk...&ruk.___.__.......-....;....F...ﬂ...f...ﬂ...ﬂ_..rﬂ._h_.J_...r.___ A - )
P R A e a aa a a a aay - N T A A A A I I )
....4.4...#_-H*H...”&H.4H...H.._“.&“b”rH.4”.__.H._,.H..qH.._.HkH.4TH#H;H;H&H;H...H...H&H...H&H; N o ) -”r” .H»H..qH.4H.__.H.4H..q“....Hr“k”...n..ﬁt".-.“#ﬂ“...”hn.r“...Hrwkn.r“r“.__“h_” . ”k._._.__..q » S0 )
W e e T e e ST . N s N N N PO s - -
ar Ty e i T i i SRR ¥ ey o A e T e e e
- O T I S .- O M e T ST
N L R L A M M e e BT A ARk »
P T i A R A A - - - - 1.”.._1......1....___.-.._”......_.”.._..4.__....4.._..__.-.._..._.4 PN ST

»
dr e R S e e e i b o

W oa sk

o+

oa  adpk dr i b o
& [ ]

e .4H.4

i

P T e T x
F ] [ B
A lll"" ar
L) -

Ea MMl
EaE O N wE -
L o e RO
R A N W
el EE Nl PN a0
Rl AL T A AT R A A I a3
..Il.'I.T.T.T.T.T.T".T".T.TH' [ ]

A Al N TN

L N )
Y

i
i o

e e e

N o s s )

*
i e il A e iy e R e i e e el i
™

i
'rb"'

&
"
"

F




US 11,110,430 B2

Sheet 4 of 7

Sep. 7, 2021

U.S. Patent

B A S A YRR « e A DA AR A VA A A A n

D000E 0D0%4 000028

(%85BW 9F)
aN08Z JOMIS B0AY Jopuig @

(opsse g1}

ayjoez Jonis adhy ssapspulg ¥

e ™ Al

[~} AR
oG

(Jo1eMmeas O} aAlleldl OL/1) HOIAVHIE NOLLJHOSAY INIQO!

= m e

¢ 0

v

s VA4

%0

g0

gi

g DI



US 11,110,430 B2

Sheet 5 of 7

Sep. 7, 2021

U.S. Patent

(=3 A"
0DO0E 00052 0002 0005 CO0o! 5008
- - e ® g 98 g0 tﬂdﬁc@qmquuwo
s ® & < S

ey i [ O g,

(%ssewigy) §
aj0sz Jonys adAl-y sepuig ®E

(9,SSBLI GE) 9087
soAls adAl-y ssaueptig © B

(sseW 0)
8}ij08z odA}-Y ssapapulg ~ |

B s i R S Y Ay« Ay S

(161eMEaS O} BAflEISI 01/ ) HOIAYHIE NOILJYOSAY INIQO!

s

¢B

¥o

Y370

9¢

8O



US 11,110,430 B2

{(~3 A8
OO0CE 0044 DOGRS L00s1 GO0 200% {
vy v ¥ v ¥ 4 ¥ ¥ 4 M M v % t M ¥ A # # Tehoh 4 ¢M __”

Q_

™ &
= e b A SRR e 000 832 oo oo 3304 Pt Bt SURIIR. SRR
- Co O @
S
= (9,SSBW 7§) 811108z JaAlis sdA-y Japuig w

(% Ssew y¢)

a)1108z 1oAyS adA-X sseuspuig ¥ v

_ (vhsseui g)) e
= SU08Z JoAls 8dAl-X ssajapuiyg
M,, (o, SSRW f) Y057 80AI-X SSalOpUId @
7 Ottt sesasotastsssasssnssesesassnsesss
=P
75

U.S. Patent

(isjemeas 0} sanefal 01/} ) YOIAYHIE NOLLJYOSAY INIAO!

o0

v

Yy /0

50

80



US 11,110,430 B2

Sheet 7 of 7

Sep. 7, 2021

U.S. Patent

ADCQ PaPIoW 3087 adAl-Y || sidwex 3

ADOQ DapioW 8}109Z adhl-y (7 ajdwex3



UsS 11,110,430 B2

1

TREATMENT METHOD OF RADIOACTIVE
IODINE-CONTAINING FLUID

TECHNICAL FIELD

The present mvention relates to a treatment method of a
radioactive 1odine-containing fluid, in particular, a treatment
method of a radioactive fluid for removing radioactive
iodine from the radioactive fluid containing contaminating
ions which originate from the seawater, for example, used as
cooling water 1n a nuclear power plant.

BACKGROUND ART

A large amount of radioactive waste water containing
radioactive 10dine has been generated by the accident caused
by the Great East Japan Earthquake on Mar. 11, 2011, 1n the
Fukushima Daiichi Nuclear Power Station. The radioactive
waste water includes: the contaminated water generated due
to the cooling water poured 1nto a reactor pressure vessel, a
reactor containment vessel, and a spent fuel pool; the trench
water accumulated 1n a trench; the subdrain water pumped
up from a well called a subdrain 1n the periphery of a reactor
building; groundwater; and seawater (hereinafter, referred to
as “radioactive waste water”). Radioactive substances are
removed from these radioactive waste waters by using a
treatment apparatus called, for example, SARRY (Simplified
Active Water Retrieve and Recovery System (a simple type
contaminated water treatment system for removing cesium)
or ALPS (Advanced Liqud Processing System (a multi-
nuclide removal apparatus)), and the water thus treated 1s
collected 1n a tank. Among radioactive substances, radioac-
tive 10dine present mainly 1 a form of 1odide ion or 1n a
form of 10date 10n 1n contaminated water accounts for much
of radioactive 1odine. Examples of a substance capable of
selectively adsorbing and removing radioactive iodine
include silver supported on activated carbon and silver
supported on norganic substances. For example, in ALPS,
silver supported on activated carbon 1s used as an adsorbent,
and radioactive 1odine 1s removed.

As an adsorbent for 10dine, there have been proposed a
capturing agent for 10dine 1on prepared by supporting silver
or palladium on alumina or zeolite as a support (PTL 1 and
PTL 2); an 1odine removing filter prepared by supporting
silver on a side chain grown by radiation graft polymeriza-
tion on a polymer base material (PTL 3); an adsorbent for
radioactive 10dine which adsorbs 10dine from vapor, has fine
pores adapted to the size of a hydrogen molecule by sub-
stituting 1on exchange sites with silver, and 1s prepared by
granulating an X-type zeolite powder (PTL 4), etc. A method
has also been proposed for removing 1odine from vapor by
using molecular sieve granules containing both of an X-type
zeolite substituted with silver and an A-type zeolite substi-
tuted with silver (PTL 35).

However, conventional silver supported on activated car-
bon, silver supported on inorganic substances and the like
allow silver particles to be physically impregnated, and
therefore cannot support large amounts of silver particles.
The filter of a polymer base material has a small amount of
silver supported per volume, and a large number of filters are
required for treating a large amount of radioactive waste
water. Moreover, conventional zeolite molded bodies are
limited 1n the amount of silver supported because it contains
10 mass % to 30 mass % of a binder based on the total mass
of the base maternial. The adsorbent for radioactive 1odine
disclosed 1n PTL 4 and the molecular sieve granules dis-
closed 1n PTL 5 contain large amounts of silver clusters not
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2

contributing to the adsorption of 1odine because silver is
agoregated and not dispersed upon preparing.

Because the 1odine adsorption property depends on the
amount of silver supported, a large amount of an adsorbent
for 10dine 1s required when a large amount of waste water 1s
treated, 1 contrast to when 1odine 1 vapor or gas 1s
adsorbed, and thus there 1s a new problem that the broken-
through adsorbent 1s generated as a secondary waste 1n a
large amount.

CITATION LIST

Patent Literature

PTL 1: Japanese Patent Laid-Open No. 2013-104727
PTL 2: Japanese Patent Laid-Open No. 2012-233749
PTL 3: Japanese Patent No. 3647667

P1L 4: Japanese Patent No. 5504368
PTL 5: U.S. Pat. No. 4,913,850

SUMMARY OF INVENTION

Technical Problem

An object of the present invention 1s to provide a treat-
ment method of radioactive waste water, capable of reducing
the amount of secondary waste to be generated. In particular,
an object of the present invention is to provide a method for
clliciently adsorbing and removing radioactive 1iodine from
a large amount of radioactive waste water containing, in
addition to 10dide 1ons, as concomitant 10ons, high concen-
trations of chloride 10ns, cesium 1ons, stronttum 10ns, mag-
nesium 1ons, calcium i1ons, and sodium 1ons.

In addition, an object of the present invention is to provide
a method for efliciently adsorbing and removing radioactive
10odine, not only from radioactive waste water, but from gas
containing radioactive 1odine.

Accordingly, an object of the present invention 1s to
provide a method for efliciently adsorbing and removing
radioactive 1odine from a radioactive fluid including radio-
active waste water or a radioactive gas.

Solution to Problem

The present 1invention provides a treatment method of a
large amount of a radioactive tluid containing, in addition to
iodide 1ons, as concomitant 1ons, high concentrations of
chloride 1ons, cesium 10ns, strontium 10ns, magnesium 10ns,
calcium 1ons, and sodium 10ons, by using an adsorbent for
iodine having a high 10dine adsorbing performance per unit
volume. The specific aspects of the present invention are as
follows.

[1] A treatment method of a radioactive 1odine-containing
fluid, comprising passing the radioactive 1odine-containing
fluid through an adsorbent for 10dine composed of a silver-
containing binderless zeolite molded body having a silver
content of 50 mass % or less, to adsorb the radioactive 10dine
on the adsorbent for 1odine.

[2] The treatment method of a radioactive 10dine-containing,
fluid according to [1], wherein the adsorbent for 1odine 1s
composed of a silver-containing binderless zeolite molded
body containing 5 mass % or more of silver 1ons.

[3] The treatment method of a radioactive 1odine-containing,
fluid according to [1] or [2], wherein the binderless zeolite
molded body 1s either a binderless A-type zeolite molded
body or a binderless X-type zeolite molded body.
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[4] The treatment method of a radioactive 1odine-containing,
fluid according to any one of [1] to [3], wherein the
radioactive 10dine-containing tluid 1s a liquid, and the adsor-
bent for 1odine 1s 1 a particle form having a particle size
falling within a range from 30 um to 1500 pum.

[ 5] The treatment method of a radioactive 10dine-containing,

fluud according to any one of [1] to [3], wherein the
radioactive 1odine-containing fluid 1s a gas, and the adsor-
bent for 10dine 1s 1 a particle form having a particle size
talling within a range from 800 um to 2000 um.

Advantageous Eflects of Invention

The adsorbent for 1odine of the present invention 1s
composed of a silver-containing binderless zeolite molded
body 1n which a silver content 1s high, and silver 1s supported
in an uniformly dispersed state without being aggregated, 1s
high 1n the adsorption performance of 1odine per umit
volume, and 1s capable of nexpensively adsorbing and
removing the radioactive 1odine contained 1n a fluid such as
radioactive waste water or a radioactive waste gas.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a SEM 1mage of the silver-containing A-type
zeolite molded body prepared in Example 1, at a magnifi-
cation of 10,000.

FIG. 2 1s a SEM 1mage of the silver-containing A-type
zeolite molded body prepared in Example 1, at a magnifi-
cation of 2,000.

FIG. 3 1s a graph showing the 10dine adsorption behavior
of the adsorbent used 1n Example 1.

FIG. 4 1s a SEM 1mage of the silver-containing X-type
zeolite molded body prepared in Example 2, at a magnifi-
cation of 10,000.

FIG. 5 1s a SEM 1mage of the silver-containing X-type
zeolite molded body prepared in Example 2, at a magnifi-
cation of 2,000.

FIG. 6 1s a graph showing the 10dine adsorption behavior
of the adsorbent used 1n Example 2.

FI1G. 7 1s a graph showing the 10dine adsorption behavior
of the adsorbent used 1n Example 3.

FIG. 8 1s a graph showing the 10dine adsorption behavior
of the adsorbent used 1n Example 4.

FIG. 9 1s the XRD charts of the zeolite molded bodies of

Example 1, Example 2 and Comparative Example 1.

DESCRIPTION OF EMBODIMENTS

Hereinafter, the present invention 1s described with ref-
erence to the accompanying drawings, but the present inven-
tion 1s not limited to these.

The adsorbent for 10dine used 1n the treatment method of
fluid of the present invention is a silver-containing binder-
less zeolite molded body having a silver content of 50 mass
% or less. The binderless zeolite molded body 1s a product
prepared by solidifying zeolite fine particles and a zeolite
powder 1to a certain shape without using any binder. The
binderless zeolite molded body usable 1n the present inven-
tion has the zeolite purity of 90% or more, preferably 95%
or more and more preferably 97% or more.

In the silver-containing zeolite molded body, the molar
ratio of 1 mol of silicon (S1) to 2 mol of aluminum (Al)
(heremaftter, referred to as “the molar ratio S1/Al,”) 1s 2.0 or
more and 3.0 or less. This provides a suitable number of the
sites of Al that are the coordination sites of the silver 1on, so
as to allow silver to be highly dispersed. The molar ratio
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S1/Al, 1s preferably 2.2 or more, further preferably 2.4 or
more, and furthermore preferably 2.6 or more. This sup-
presses the aggregation of silver more. In addition, the molar
ratio Si/Al, 1s 3.0 or less. This increases the number of the
sites of Al more, and silver 1s more highly dispersed.

The silver-contaiming zeolite molded body preferably
includes an alkali metal. By performing the 1on exchange
with the alkali metal, silver ions can be more uniformly
dispersed. Here, the alkal1 metal 1s at least one selected from
the group consisting of lithium (L1), sodium (Na), potassium
(K), rubidium (Rb) and cestum (Cs). The silver-containing
zeolite molded body pretferably includes Na.

In the silver-containing zeolite molded body, the molar
ratio of the sum of the alkali metal and silver to Al
(heremaftter, referred to as “the molar ratio (alkali metal+
Ag)Al”) 1s 0.9 or more and 1.1 or less.

In the silver-containing zeolite molded body, the total
content of S10,, Al,O;, Ag,O, and the alkali metal oxides 1s
90 mass % or more, preferably 95 mass % or more, further
preferably 97 mass % or more, and more preferably 98 mass
% or more. This provides a zeolite molded body 1n which the
component other than zeolite, allowing silver to be easily
agoregated, 1s small 1 amount, and silver 1s highly dis-
persed. Here, the amounts of Ag and the alkali metal in the
silver-containing zeolite molded body are represented 1in
terms ol the mass of oxides, for example, heated at 900° C.

The crystal structure of the silver-containing zeolite
molded body 1s preferably at least either the A type or the
FAU type, and further preferably a FAU-type zeolite. The
pore size of the FAU-type zeolite is a large pore size as 8 A
or more and 15 A or less, and accordingly the aggregation
of silver 1s more suppressed. The FAU-type zeolite may
include a X-type zeolite and the Y-type zeolite. The crystal
structure of the silver-containing zeolite molded body can be
detected by powder X-ray diflraction measurement.

The silver-containing zeolite molded body includes not
only the zeolite powder but also the zeolite converted from
the morganic binder. In other words, silver-containing zeo-
lite molded body 1ncludes the zeolite fine particles described
below.

The zeolite powder may have a larger average particle
size than the zeolite fine particles described below. The
average particle size of the zeolite powder 1s preferably 2 um
or more and 8 um or less, and further preferably 3 um or
more and 6 um or less. This improves the strength of the
silver-containing zeolite molded body.

Here, the average particle size of the zeolite powder 1s an
average particle size determined by randomly extracting 30
or more of independent particles that are i1dentifiable 1n a
scanning electron microscope (SEM) 1image at a measure-
ment magnification of 1,500 to 3,000.

In the silver-containing zeolite molded body, the zeolite
purity before supporting silver 1s 90% or more, preferably
95% or more, and further preferably 97% or more. Here, the
zeolite purity can be calculated by a common measurement
of an amount of moisture adsorption. In other words, from
the ratio of the amount of moisture adsorbed per 100 g of a
zeolite molded body betfore supporting silver to the amount
of moisture adsorbed per 100 g of zeolite powder, the zeolite
purity can be calculated by using the following formula (1):

[Formula 1]

Zeolite purity=An amount of moisture adsorbed by
zeolite molded body before supporting silver/an
amount of moisture adsorbed by zeolite pow-

derx100 (1)
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For example, the zeolite purity of the molded body
including the X-type zeolite powder can be calculated from
the following formula (2):

[Formula 2]

Zeolite purity=An amount of moisture adsorbed by
X-type zeolite molded body before supporting
silver/an amount of moisture adsorbed by

X-type zeolite powderx100 (2)

A zeolite molded body having a high zeolite purity of 90%
or more (heremnalfter, also referred to as “‘the binderless
molded body™) 1s obtained by converting the inorganic
binder 1n the molded body into zeolite. In other words, the
silver-containing zeolite molded body contains an inorganic
binder converted into zeolite. Usually, when an inorganic
binder 1s converted mnto zeolite, zeolite fine particles are
produced, and are present on the surface of the zeolite
powder. The zeolite fine particles perform as the binder to
mutually bind the zeolite powders, and accordingly the
mechanical strength of the silver-containing zeolite molded
body 1s increased. In other words, the strength of the molded
body containing no zeolite fine particles and having a zeolite
purity less than 90% (hereinafter, also referred to as “the
binder molded body™) 1s substantially low. Usually, a zeolite
molded body 1s obtained by molding a mixture of a zeolite
powder and an 1organic binder; however, i the case of a
mixture including 90 mass % or more of zeolite powder, the
plasticity required for molding cannot be obtained, and 1t 1s
extremely difficult to form a molded body having a certain
shape. Accordingly, the silver-containing zeolite molded
body preferably includes a zeolite powder and zeolite fine
particles.

The average particle size of the zeolite fine particles 1s
preferably 0.2 um or more and 1.5 um or less.

Here, the average particle size of the zeolite fine particles
1s an average particle size determined by randomly extract-
ing 30 or more of independent smallest unit of particles
having a particle size of 1.5 um or less, that are identifiable
in a SEM 1mage at a measurement magnification of 10,000
to 15,000.

The fact that the zeolite powder has on the surface thereof
the zeolite fine particles can be verified from a SEM 1mage.
In other words, the fact that the zeolite powder has on the
surface thereof the zeolite fine particles can be qualitatively
verified from the SEM 1mage.

The fact that the zeolite powder has on the surface thereof
the zeolite fine particles can also be verified from the
volumetric particle size distribution. In other words, from
the fact that the volumetric particle size distribution of the
pulverized silver-contaiming zeolite molded body has a
monomodal peak, and the average particle size based on the
volumetric distribution (D50) 1s comparable with zeolite
powder, namely, the volumetric particle size distribution has
no peak corresponding to the average particle size of the
zeolite fine particles, 1t 1s possible to verily that the zeolite
powder and the zeolite fine particles are integrated, and the
zeolite powder has on the surface thereof the zeolite fine
particles.

It 1s to be noted that the fact that the zeolite molded body
has a high zeolite purity can be verified by XRD. Namely,
in the obtained XRD pattern, only the diffraction peaks
corresponding to the zeolite structure can be observed.
When the zeolite purity described above 1s not satisfied, and
an 1mpurity, for example, an inorganic binder 1s contained 1n
a large content, the diffraction peaks originating from the
inorganic binder are observed.
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In the silver-containing zeolite molded body, the zeolite
fine particles also act as a binder. Therefore, the silver-
containing zeolite molded body 1s excellent 1n mechanical
strength. The compression strength of the silver-containing
zeolite molded body 1s, for example, 1n a columnar molded
body of 1.5 mm 1n diameter and 5 mm in average length,
usually 15 N or more, preferably 30 N or more and further
preferably 40 N or more.

The silver-containing zeolite molded body contains more
than 0 mass %, preferably 5 mass % or more, more prefer-
ably 8 mass % or more, further preferably 11 mass % or
more, and particularly preferably 16 mass % or more, and 50
mass % or less, preferably 46 mass % or less, further
preferably less than 36 mass %, further preferably 35.5 mass
% or less, more preferably 35 mass % or less, further
preferably 32 mass % or less, further preferably 30 mass %
or less, particularly preferably 25 mass % or less, and more
preferably 20 mass % or less, of silver based on the total
mass of the molded body. The silver can take forms of silver
ions present 1n a dispersed state, silver clusters present 1n an
agoregated state, and metal silver; silver 1ons exhibit high
iodine adsorption performance, and the i1odine adsorption
performances of the silver clusters and the metal silver are
low. When the silver content in the silver-containing zeolite
molded body 1s 36 mass % or more, the aggregation of silver
1s remarkable, leading to increased amounts of the silver
clusters 1n an aggregated state and metal silver. Metal silver
not only blocks the pores of the zeolite, but also easily
desorbs from the zeolite molded body, and the 1odine
adsorption performance of the zeolite molded body per unit
mass ol silver 1s degraded. Moreover, the increase of the
content of silver increases the production cost, and thus
increases the running cost of the waste water treatment,
thereby not practical.

The silver-contaiming zeolite molded body as an adsor-
bent for 10odine preferably has a large content of the silver
ions 1n a dispersed state, and preferably has a small content
of the silver clusters 1n an aggregated state and a small
content of metal silver. The content of the silver 10ons in the
silver-containing zeolite molded body 1s 5 mass % or more,
preferably 8 mass % or more, and further preferably 11 mass
% or more. As a large amount of silver 1ons are contained,
the 10odine adsorption performance 1s enhanced; however,
from the viewpoint of the cost performance, i1t 1s desirable
that the content of the silver 1ons 1s less than 36 mass %,
preferably 30 mass % or less, further preferably 26 mass %
or less, further preferably 19 mass % or less, and particularly
preferably 14 mass % or less. On the other hand, the content
of the silver clusters and the metal silver 1s preferably small,
and 1s desirably, in the total amount of silver in the silver-
containing zeolite molded body, 70 mass % or less, prefer-
ably 50 mass % or less, further preferably 45 mass % or less,
more preferably 43 mass % or less, and particularly prefer-
ably 34 mass % or less. In addition, desirably, the content of
the silver clusters 1n the silver-containing zeolite molded
body 1s preferably 22 mass % or less, further preferably 12
mass % or less, further preferably 11 mass % or less, more
preferably 8.5 mass % or less, and particularly preferably 7
mass % or less; and the content of the metal silver in the
silver-containing zeolite molded body 1s preferably 2.5 mass
% or less, further preferably 1.4 mass % or less, further
preferably 1.1 mass %, more preferably 1.0 mass % or less,
and particularly preferably 0.8 mass % or less.

The contents of respective silver species in the silver-
containing zeolite molded body can be determined by the
UV-VIS (ultraviolet-visible spectrometry) measurement. In
the UV-VIS pattern after wavelform separation, a peak
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having a peak top at a wavelength of 210 nm or more and
240 nm or less 1s 1dentified as a specific peak of the silver
ion, a peak having a peak top at a wavelength of more than
240 nm and 350 nm or less 1s 1dentified as a specific peak of
the silver cluster, and a peak having a peak top at a
wavelength of more than 350 nm and 700 nm or less 1s
identified as a specific peak of the metal silver. From the
peak areas of the respective peaks, the proportions of the
silver 10on, silver cluster and metal silver are calculated, and
by multiplying the total silver content in the silver-contain-
ing zeolite molded body by the proportions of respective
silver species, the contents of respective silver species can
be calculated.

The silver-containing zeolite molded body as an adsor-
bent for 10dine 1s preferably a porous body having a BET
specific surface area of 560 m®/g or more, preferably 600
m*/g or more, more preferably 700 m*/g or more, and 900
m>/g or less, preferably 850 m~/g or less, more preferably
750 m>/g or less. By setting the BET specific surface area to
be 560 m*/g or more, the aggregation of silver can be
suppressed, and the proportion of the silver 1ons high 1n
activity 1s increased.

The shape of the silver-containing zeolite molded body 1s
preferably at least one selected from the group consisting of
discoid, columnar, hollow, polyhedral, spherical, nearly
spherical, trifoliate and clumpy shapes, further preferably at
least one selected from the group consisting of columnar,
spherical and trifoliate shapes, and particularly preferably a
columnar shape.

The silver-containing zeolite molded body 1s 1n a particle
form having a particle size falling 1n a range from 30 pm to
1500 um, preferably from 300 um to 800 um, and more
preferably from 300 um to 600 um. The silver-contaiming
zeolite molded body has a finer particle size and a higher
adsorption rate as compared with commercially available
common adsorbents (for example, zeolite-based adsorbents
are pellets having a particle size of approximately 1.5 mm).
On the other hand, when a radioactive 1odine-containing
waste water 1s treated, a powdery adsorbent 1s poor in
workability 1 such a way dust swirls 1n the air. Thus, the
adsorbent 1s preferably molded so as to have a predeter-
mined particle size.

The silver-containing zeolite molded body can be pro-
duced as follows: a binderless zeolite molded body 1is
immersed 1n a silver nitrate aqueous solution to conduct an
ion exchange treatment, and then the molded body 1s washed
with pure water and dried to produce the silver-containing,
zeolite molded body. The silver content in the silver-con-
taining zeolite molded body can be controlled by regulating,
the concentration of the silver nitrate aqueous solution. In
order to obtain a silver-contaiming zeolite molded body
having a silver content of 50 mass % or less, a silver nitrate
aqueous solution having an any suitable concentration may
be used; however, from the viewpoint of the 1on exchange
elliciency and the production cost, a silver nitrate aqueous
solution having a concentration of 0.1 mass % or more and
30 mass % or less, which 1s calculated 1n terms of silver
nitrate, 1s preferably used. By using a silver mitrate aqueous
solution, 1t 1s possible to increase the proportion of the silver
ions, and to decrease the proportions of the silver clusters
and metal silver.

In order to allow the zeolite molded body to efliciently
support silver, the mass ratio of the silver nitrate aqueous
solution to the binderless zeolite molded body is preferably
set to be 3 or more and 10 or less.
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EXAMPLES

Hereinaftter, the present invention 1s described more spe-
cifically by way of Examples. However, the present inven-
tion 1s not limited to Examples.

<Measurement of Amount of Moisture Adsorbed by
Adsorbent>

As a pretreatment, a zeolite powder or a zeolite molded
body (hereinatter, also simply referred to as “sample™) was
dried 1n the atmosphere at 110° C., and the moisture was
sufliciently removed. The sample after the pretreatment was
allowed to stand still in a desiccator, and was allowed to
stand for 16 hours or more under the conditions of a
temperature of 25° C. and a relative humidity of 80%, and
thus a hydration treatment was performed to allow the
sample to adsorb the moisture to a saturation level. The mass
of the sample after the hydration treatment (X1) was mea-
sured. Moreover, the sample after the hydration treatment
was heat-treated in the atmosphere under the condition of
900° C., for 1 hour, to remove the moisture sufliciently. The
mass ol the sample after the heat treatment (X2) was
measured. With the values of X1 and X2, the amount of the
moisture adsorbed per 100 g of the sample (hereinatter, the
umt “g/100 g-agent” 1s used) was determined by the fol-
lowing formula (3).

[Formula 3]

Amount of Moisture adsorbed by sample (g/100

g-agent)=(X1-X2)/X2x100 (3)

The amount of the moisture adsorbed by sample obtained
by the formula (3) was substituted into the formula (1), and
thus the zeolite purity was calculated.

<BET Specific Surface Area>

A BET specific surface area was measured by using a
common BET specific surface area measurement device
(device name: BELSORP 285A, manufactured by BEL
Japan, Inc.). The adsorption 1sotherm was determined by
setting the adsorption temperature at the liquid mitrogen
temperature (-196° C.). The BET specific surface area was
calculated from the mitrogen adsorption capacity in the range
corresponding to the relative pressures of 0 to 0.1 i the
obtained adsorption 1sotherm.

The sample was crushed and sized to have an aggregation
diameter of 0.5 mm to 1 mm, and then pretreated by heating
at 350° C. for 2 hours under vacuum.

<Amount of Silver Supported, and Measurement of Com-
position>

A molded body sample was dissolved in an acid to prepare
a solution for measurement. The concentrations of the metal
ions 1n the solution for measurement were measured by the
ICP method. For the measurement, a common ICP-AES
(device name: OPTIMA3000DYV, manufactured by Perkin-
Elmer Inc.) was used.

The concentrations of silicon, aluminum, alkali metals
and silver 1n the sample for measurement were analyzed.
The contents of the silicon, aluminum, alkali metals and
silver were measured, and the molar ratio S1/Al,, the molar
ratio Na/Al, and the molar ratio Ag/Al 1n the sample were
determined. In addition, the amounts of the silicon, alumi-
num, alkali metals, and silver 1n terms of oxides thereof were
culculated, and from the sum of these amounts, the total
amount (mass %) of S10,, Al,O,, Na,O, and Ag,O was
culculated. Further, from the concentration of silver, the
amount of silver supported was determined.

<Proportions of Silver Species>

The states of silver (silver species) 1n the molded body
were measured by the ultraviolet-visible spectrometry. Spe-
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cifically, an ultraviolet-visible absorption spectrometry was
performed under the following conditions by using an
automatic recording spectrophotometer (device name:
UV-3100, manufactured by Shimadzu Corporation)
equipped with an integrating sphere accessory device (de-
vice name: ISR-3100, manufactured by Shimadzu Corpora-
tion) in the sample chamber.

TABLE 1

Measurement condition Diffusion reflection method

Scanning speed: 200 nm/min

Slit width 5.0 nm

Baseline correction Barium sulfate powder
Measurement wavelength range 210-700 nm

The obtamned UV-VIS pattern was subjected to a wave-
form separation. In the UV-VIS pattern after the wavelorm
separation, a peak having a peak top at a wavelength of 210
nm or more and 240 nm or less was 1dentified as the peak of
the silver 1on, a peak having a peak top at a wavelength of
more than 240 nm and 350 nm or less was 1dentified as the
peak of the silver cluster, and a peak having a peak top at a
wavelength of more than 350 nm and 700 nm or less was
identified as the peak of the metal silver. From the peak areas
of the obtained respective peaks, the silver proportions
contained 1 the silver ions (Ag,,,). the silver clusters
(Ag.r.s))> and the metal silver (Ag,,...;)) were determined.

<Contents of Silver Species>

The contents of respective silver species 1n the measure-
ment sample were calculated from the amount of silver
supported determined by the ICP measurement, and the
proportions of respective silver species determined by the
UV-VIS measurement.

<Particle Size>

The average particle size of the zeolite fine particles were
determined by randomly extracting 30 independent smallest
unit of particles having a particle size of 1.5 um or less, that
are 1dentifiable 1n a SEM 1mage at a measurement magni-
fication of 10,000, measuring the sizes of the extracted
particles, and calculating the average size of the measured
s1zes, which was used as the average particle size of the
zeolite fine particles.

In addition, randomly extracted were 30 independent
particles 1dentifiable 1n a SEM image at a measurement
magnification of 2,000, the sizes of the extracted particles
were measured, the average size of the measured sizes was
determined, and the determined average size was used as the
average particle size of the zeolite powder.

<Particle Size Distribution Measurement>

In a mortar, 5 g of a molded body was crushed for 10
minutes, and then sieved with a sieve having an opeming of
200 um. In 350 ml of pure water, 0.5 g of the crushed sample
having passed through the sieve was added to prepare a
slurry, and the prepared slurry was then subjected to ultra-
sonic dispersion for 2 minutes with a homogenizer. Subse-
quently, the particle size distribution of the slurry solution
was measured with a Microtrac particle size distribution
analyzer (manufactured by Nikkiso Co., Ltd.).

<Preparation of Simulated Contaminated Water>

By adopting the following procedures, simulated con-
taminated water containing nonradioactive 1odine, simulat-
ing the contaminated water of Fukushima Daiichi Nuclear
Power Station was prepared.

First, by using an ordinary salt (Nami Shio) manufactured
by Diasalt Co., Ltd., an aqueous solution was prepared so as
to have a salt concentration of 0.3%. To the prepared
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aqueous solution, cestum chloride was added so as for the
cesium concentration to be 1 mg/L, strontium chloride was
added so as for the strontium concentration to be 10 mg/L,
magnesium chloride was added so as for the magnesium
concentration to be 400 mg/L., and calctum chloride was
added so as for the calcium concentration to be 400 mg/L,
respectively. Then, to the resulting aqueous solution, sodium
10dide was added 1n an amount so as for the 10dine concen-
tration to be 1 mg/L, and thus a simulated contaminated
water containing, in addition to 1odide 10ns, as concomitant
ions, high concentrations of chloride ions, cesium 1ons,
strontium 10ns, magnesium ions, calctum 1ons, and sodium
ions was prepared.

Example 1

<Preparation of Silver-Containing Zeolite Molded Body>

100 parts by mass of a commercially available A-type
zeolite powder (A-4, manufactured by Tosoh Corporation),
20 parts by mass of kaolin clay, and 3 parts by mass of
carboxymethyl cellulose were kneaded while adding water
to obtain a mixture. The water content of the obtained
mixture was 45 mass %. The mixture was extruded to obtain
a plurality of columnar zeolite molded bodies having a
diameter of 1.5 mm and a length of 1 mm to 5 mm. The
obtained molded bodies were dried at 100° C. overnight, and
then fired under air tlow at 600° C. for 3 hours. The molded
bodies after firing were washed with pure water at room
temperature, then 6 mass % of NaOH aqueous solution was
allowed to circulate and flow at a flow rate of 235 ml./min,
and thus the kaolin clay was converted into zeolite. The
circulation flowing was performed at 40° C. for 1 hour, and
then performed at 80° C. for 5 hours. The molar ratio S1/Al,
in the obtaimned A-type zeolite molded body was 2.5. The
zeolite purity of the obtained molded body was 98.1 mass %,
and thus the obtained molded body was verified as a
binderless molded body. In addition, by XRD measurement,
it was verified that the zeolite structures other than the
A-type zeolite were not included (FIG. 9).

Next, 40 g of the columnar binderless molded body
(bodies) were immersed 1n a silver nitrate aqueous solution
(15.1 mass %), and an 1on exchange treatment was per-
formed while stirring at 50° C. for 4 hours. The vicinity of
the liquid surface of the silver nitrate aqueous solution was
stirred at a rate of 100 rpm, but the flowage of the molded
bodies was not verified during the 1on exchange treatment.

After the 10n exchange treatment, the molded bodies were
washed with sufficient water, dried at 90° C. for 12 hours,
and thus binderless A-type zeolite molded bodies having a
silver content of 30 mass % (silver 10n: 9.9 mass %) were
obtained. The binderless A-type zeolite molded bodies were
crushed and classified, and sized to have a particle size of
300 um to 600 um. The SEM images of the silver-containing
A-type zeolite molded body are shown 1n FIGS. 1 and 2. It
was verified from FIG. 1 that the A-type zeolite fine particles
are present on the surface of the silver-containing binderless
A-type zeolite molded bodies, the average particle size of
the A-type zeolite fine particles was 0.39 um, and also
verified from FIG. 2 that the average particle size of the
zeolite powder 1n the binderless A-type zeolite molded
bodies was 4.2 um. In addition, impurities other than the
A-type zeolite were not 1dentified. The molar ratio Si/Al,
was 2.5, the molar ratio Na/Al was 0.42, the molar ratio
Ag/Al was 0.58, the molar ratio (alkali metals+Ag)/Al was
1.0, the amount of Ag supported was 30 mass %, and the
total amount of S10,, Al,O,, Na,O, and Ag,O was 99 mass
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%. The abundance percentages of the silver 1ons, silver
clusters and metal silver are shown 1n Table 2.

In the same manner as described above, by using a silver
nitrate aqueous solution (17.7 mass %) prepared by dissolv-
ing 30.7 g of silver nitrate 1 142 g of pure water, a
binderless A-type zeolite molded body having a silver
content of 35 mass % (silver 1ons: 11.9 mass %) was
obtained. In the zeolite molded body, impurities other than
the A-type zeolite were not 1dentified. The molar ratio S1/Al,
was 2.5, the molar ratio Na/Al was 0.29, the molar ratio
Ag/Al was 0.71, the molar ratio (alkali metals+Ag)/Al was
1.0, the amount of silver supported was 35 mass %, and the
total amount of S10,, Al,O,, Na,O, and Ag,O was 99 mass
%. The abundance percentages of the silver 1ons, silver
clusters and metal silver are shown 1n Table 3.

As a control, a commercially available binder A-type
zeolite molded body was immersed 1n a silver nitrate aque-
ous solution; an 1on exchange treatment, washing, drying,
crushing and classification were performed in the same
manner as described above, and a binder A-type zeolite
molded body having a silver content of 36 mass % was
obtained. As the silver nitrate aqueous solution, a silver
nitrate aqueous solution (22.0 mass %) prepared by dissolv-
ing 40.0 g of silver nitrate 1n 142 g of pure water was used.

TABLE 2

Abundance percentages of Ag species in a binderless
A-type zeolite having a silver content of 30 mass %

Agffnnﬁ Agfﬁfufﬁ Agfmpfnﬁ
Proportion Mass Proportion Mass Proportion Mass
(%) (mass %o) (%) (mass %) (%) (mass %)
33 9.9 61 18.3 6 1.8
TABLE 3

Abundance percentages of Ag species in a binderless
A-type zeolite having a silver content of 35 mass %

Agffnnﬁ Agfﬁfufﬁ Agfmpfnﬁ
Proportion Mass Proportion Mass Proportion Mass
(%) (mass %o) (%) (mass %) (%) (mass %)
34 11.9 60 21.0 6 2.1

<Comparison of Iodine Adsorption Performance™

A glass column having an mner diameter of 16 mm was
packed with a silver-containing zeolite molded body having
a particle size 01 300 um to 600 um, so as for the layer height
to be 10 cm. The simulated contaminated water was passed
through the column at a flow rate of 67 mlL/min, the column
outlet water was periodically sampled, and the 10dine con-
centration was measured. The quantitative analysis of 10dine
was performed by using an ICP-MS (Agilient 7700x). The
removal performance of 1odine 1s shown 1n FIG. 3. In FIG.
3, the horizontal axis 1s the B.V. representing the ratio of the
volume of the simulated contaminated water passing
through the column to the volume of the adsorbent; the
vertical axis represents the value obtained by dividing the
iodine concentration at the column outlet by the 1odine
concentration at the column inlet. As can be seen from FIG.
3, as compared with the binder A-type silver-containing
zeolite molded body, the binderless A-type silver-containing
zeolite molded body 1s higher in the 1odine adsorption
performance even when the silver content 1s small. In other
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words, 1t has been able to be verified that the adsorbent for
iodine composed of the silver-containing zeolite molded

body of the present invention 1s higher in the capability of
adsorbing 10odine per unit volume.

In addition, 1t has also been able to be verified that the
adsorbent for 10odine of the present invention, which consists
of the silver-containing zeolite molded body, exhibits a
satisfactory 1odine adsorption performance from the simu-
lated contaminated water containing, 1 addition to 1odide
ions, as concomitant ions, high concentrations of chlornide
10ns, cesium 1ons, strontium 1ons, magnesium 1ons, calcium
1ons, and sodium 1ons.

Example 2

<Preparation of Silver-Containing Zeolite Molded Body>

100 parts by mass of a commercially available X-type
zeolite powder (F-9, manufactured by Tosoh Corporation),
20 parts by mass of kaolin clay, and 3 parts by mass of
carboxymethyl cellulose were added, the resulting mixture
was kneaded while water was being added to obtain a
mixture. The water content of the obtained mixture was 45
mass %. The mixture was extruded to obtain a plurality of
columnar molded bodies having a diameter of 1.5 mm and
a length of 1 mm to 5 mm. The obtained molded bodies were
dried at 100° C. overnight, and then fired under air tflow at
600° C. for 3 hours. The molded bodies after firing were
washed with pure water at room temperature, then an
aqueous solution containing 8.1 mass % NaOH and 1 mass
% of S10, was allowed to circulate and flow at a flow rate
of 235 mlL/min, and thus the kaolin clay was converted into
zeolite. The circulation flowing was performed at 40° C. for
1 hour, and then performed at 90° C. for 7 hours. The molar
ratio S1/Al, 1n the obtained X-type zeolite molded body was
2.8. The zeolite purity of the obtained molded body was 97.7
mass %, and thus the obtained molded body was verified as
a binderless molded body. In addition, by XRD measure-
ment, 1t was verified that the zeolite structures other than the
X-type zeolite were not included (FIG. 9).

Next, 40 g of the columnar molded body (bodies) were
immersed 1n an 8.9 mass % silver nitrate aqueous solution
(prepared by dissolving 14.0 g of silver nitrate 1n 142 g of
pure water), and an 1on exchange treatment was performed
while stirring at 50° C. for 4 hours. The vicinity of the liquid
surface of the silver nitrate aqueous solution was stirred at
a rate ol 100 rpm, but the flowage of the molded bodies was
not verified during the 1on exchange treatment.

After the 10n exchange treatment, the molded bodies were
washed with sufficient water, dried at 90° C. for 12 hours,
and thus silver-containing binderless X-type zeolite molded
bodies were obtained. The SEM images of the silver-
containing X-type zeolite molded body are shown in FIGS.
4 and 5. It was verified from FIG. 4 that the X-type zeolite
fine particles are present on the surface of the silver-
containing binderless X-type zeolite molded bodies, the
average particle size of the X-type zeolite fine particles was
0.64 um, and also verified from FIG. 5 that the average
particle size of the zeolite powder 1n the binderless X-type
zeolite molded bodies was 4.4 um. In addition, impurities
other than the X-type zeolite were not identified. BET
specific surface area was 725 m?®/g, the molar ratio Si/Al,
was 2.8, the molar ratio Na/Al was 0.66, the molar ratio
Ag/Al was 0.34, the molar ratio (alkali metals+Ag)/Al was
1.0, the amount of Ag supported was 18 mass %, and the
total amount of S10,, Al,O,, Na,O, and Ag,O was 98 mass
%. The abundance percentages of the silver 1ons, silver
clusters and metal silver are shown in Table 4.
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TABLE 4

Abundance percentages of Ag species 1n a binderless
X-type zeolite having a silver content of 18 mass %

Ag. . Ag s Agfmffﬁﬁ
Proportion Mass Proportion Mass Proportion Mass
(%) (mass %o) (%) (mass %) (%) (mass %)
67 12.1 30 5.4 3 0.5

The silver-containing binderless X-type zeolite molded
body was crushed in a mortar so as to have an aggregation
diameter of 0.1 um to 15 um, then the volume distribution
particle size was measured. The particle size distribution of
the molded body was found to be monomodal, and the
volumetric average particle size (D30) was 3.7 um. From the
SEM 1mage and the measurement of the volumetric particle
s1ze distribution, 1t was verified that 1n the binderless X-type
zeolite molded body of the present Example, the zeolite fine
particles were present as integrated on the surface of the
zeolite coarse particles.

<Comparison of Iodine Adsorption Performance>

By using the prepared silver-containing binderless X-type
zeolite molded body having a particle size of 300 um to 600
um, the 10dine adsorption performance was measured 1n the
same manner as 1 Example 1, and the 1odine adsorption
performance 1s shown 1 FIG. 6, similar to FIG. 3.

As a control, a commercially available binder X-type
zeolite molded body was washed with pure water at room
temperature, then without performing the circulation tlow-
ing, the binder X-type zeolite molded body was immersed 1n
a silver nitrate aqueous solution; an 1on exchange treatment,
washing, drying, crushing and classification were performed
in the same manner as described above, a binder X-type
zeolite molded body having a silver content of 36 mass %
was obtained. As the silver nitrate aqueous solution, a silver
nitrate aqueous solution (22.0 mass %) prepared by dissolv-
ing 40.0 g of silver nitrate 1n 142 g of pure water was used.
The molar ratio S1/Al, 1n the zeolite molded body was 3.3.

As can be seen from FIG. 6, as compared with the binder
X-type silver-containing zeolite molded body, the binderless
X-type silver-containing zeolite molded body is higher in
the 1odine adsorption performance even when the silver
content 1s small. In other words, it has been able to be
verified that the adsorbent for i1odine composed of the
silver-containing zeolite molded body of the present inven-
tion 1s higher 1n the capability of adsorbing 10odine per unit
volume.

Example 3

<Preparation of Silver-Containing Zeolite Molded Body>

A silver-containing binderless A-type zeolite molded
body having a silver content of 45 mass % was prepared 1n
the same manner as in Example 1 except that a silver nitrate
aqueous solution (25.1 mass %) prepared by dissolving 47.7
g of silver nitrate 1n 142 g of pure water was used. As the
silver-containing binderless A-type zeolite molded bodies
having silver contents of 30 mass % and 35 mass %,
respectively, those prepared in Example 1 were used.

<Comparison of Iodine Adsorption Performance™

By using the silver-containing binderless A-type zeolite
molded bodies (particle size: 300 um to 600 um) having
silver contents of 30 mass %, 35 mass % and 45 mass %,
respectively, 1n the same manner as 1n Example 1, the 10dine
adsorption performances were measured 1n the same manner
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as 1n Example 1, and the 10dine adsorption performances are
shown 1n FIG. 7, similar to FIG. 3.

From FIG. 7, it has been able to be verified that as the
silver content increases, the 10odine adsorption performance
1s 1mproved.

Example 4

<Preparation of Silver-Containing Zeolite Molded Body>

A silver-contaiming binderless X-type zeolite molded
body having a silver content of 9 mass % was prepared 1n the
same manner as 1 Example 2 except that a silver nitrate
aqueous solution (4.7 mass %) prepared by dissolving 7.0 g
of silver nitrate 1n 142 g of pure water was used. In addition,
a silver-containing binderless X-type zeolite molded body
having a silver content of 34 mass % was prepared in the
same manner as in Example 2 except that a silver nitrate
aqueous solution (17.4 mass %) prepared by dissolving 29.9
g of silver nitrate 1n 142 g of pure water was used. BET
specific surface area was 570 m*/g, the molar ratio Si/Al,
was 2.8, the molar ratio Na/Al was 0.27, the molar ratio
Ag/Al was 0.73, the molar ratio (alkali metals+Ag)/Al was
1.0, the amount of Ag supported was 34 mass %, and the
total amount of S10,, Al,O4, Na,O, and Ag,O was 99 mass

%. The abundance percentages of the silver 1ons, silver
clusters and metal silver are shown 1n Table 3.

TABLE 5

Abundance percentages of Ag species 1n a binderless
X-type zeolite having a silver content of 34 mass %

Agffru?ﬁ Agj’ﬁh‘r £ Agfm etk
Proportion Mass Proportion Mass Proportion Mass
(%) (mass %) (%) (mass %) (%) (mass %)
75 25.5 23 7.8 2 0.7

In addition, a silver-containing binderless X-type zeolite
molded body having a silver content of 42 mass % was
prepared 1n the same manner as 1n Example 2 except that a
silver nitrate aqueous solution (23.4 mass %) prepared by
dissolving 43.3 g of silver nitrate 1n 142 g of pure water was
used. As the silver-containing binderless X-type zeolite
molded body having a silver content of 18 mass %, that
prepared in Example 2 was used.

<Comparison of Iodine Adsorption Performance>

By using the silver-containing binderless X-type zeolite
molded bodies (particle size: 300 um to 600 um) having
silver contents of 9 mass %, 18 mass %, 34 mass % and 42
mass %, respectively, in the same manner as 1n Example 1,
the 10dine adsorption performances were measured in the
same manner as in Example 1, and the 1odine adsorption
performances are shown in FIG. 8, similar to FIG. 3

From FIG. 8, 1t has been able to be verified that as the
silver content increases, the 10odine adsorption performance
1s 1mproved.

Comparative Example 1

A commercially available X-type zeolite powder (F-9,
manufactured by Tohsoh Corporation) was fired in the same
manner as 1 Example 2, and thus a molded body was
obtained. A zeolite molded body was obtained 1n the same
manner as 1n Example 2 except that the molded body was
washed with pure water at room temperature, then an
aqueous solution containing 6% by mass of NaOH was
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allowed to circulate and flow at a flow rate of 235 mL/min,
at 40° C. for 1 hour and then at 80° C. for 5 hours, and thus
the kaolin clay was converted into an A-type zeolite.

From the analysis results of XRD, 1t was verified that an
X-type zeolite and an A-type zeolite were included (FIG. 9).
In addition, because the moisture adsorption amount of the
zeolite molded body including the X-type zeolite and the
A-type zeolite was 33.4 (g/100 g-agent), the moisture
adsorption amount of the X-type zeolite molded body was
34.2 (g/100 g-agent) from the result of Example 2, and the
moisture adsorption amount of the A-type zeolite molded
body was 26.5 (g/100 g-agent) from the result of Example
1, the present zeolite molded body was verified to be a
molded body including the X-type zeolite molded body 1n a
proportion of 89.6% and the A-type zeolite molded body in
a proportion of 10.4%.

A silver-contaiming binder zeolite molded body having a
silver content of 34 mass % was prepared by performing an
ion exchange treatment of silver 1in the same manner as 1n
Examples 1 and 2, except that a 17.4 mass % silver mitrate
aqueous solution was used. The molar ratio (alkali metals+
Ag)/ Al was 1.0, the amount of silver supported was 34 mass
%, and the total amount of S10,, Al,O,, Na,O, and Ag,O
was 99 mass %. The abundance percentages of the silver
1ons, silver clusters and metal silver are shown in Table 6.

TABLE 6

Abundance percentages of Ag species 1n a binderless
X-A mixed type zeolite having a silver content of 34 mass %

Ag{fnnﬁ A%ﬁy-ﬂ Agfmgfnﬁ
Proportion Mass Proportion Mass Proportion Mass
(%) (mass %) (%) (mass %) (%) (mass %)
19 65.0 74 25.2 7 2.4

As compared with the binderless A-type zeolite molded
body of Example 1, and the binderless X-type zeolite
molded bodies of Examples 2 and 3, the proportion of silver
ion of the comparative example was lower, the proportions
of the silver cluster and the metal silver were higher, 1n
particular, the proportion of the silver cluster was extremely
higher, and thus, the dispersibility was poor. It 1s conceivable

that when different zeolite species are present 1n a mixed
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manner, the zeolite species, that are easily exchangeable
with silver, preferentially adsorb silver, and accordingly the
aggregation of silver tends to proceed.

What 15 claimed 1s:

1. A treatment method of a radioactive 10dine-containing
fluid, comprising passing the radioactive 1odine-containing
fluid through an adsorbent for 1odine consisting of a silver-
containing binderless zeolite molded body having a silver
content of 50 mass % or less, to adsorb the radioactive 10dine
on the adsorbent for iodine, wherein the binderless zeolite
molded body constituting the adsorbent for 1odine is either
a binderless A-type zeolite molded body alone or a binder-
less X-type zeolite molded body alone, and wherein the
binderless zeolite molded body includes a zeolite powder
and zeolite fine particles wherein the zeolite powder has on
a surface thereof the zeolite fine particles, and an average
particle size of the zeolite powder 1s 2 um or more and 8 um
or less wherein the average particle size of the zeolite
powder 1s determined by measuring the size of randomly
extracting 30 or more of independent smallest unit of
particles having a particle size of 1.5 um or less 1dentifiable
in a scanning electron microscope 1mage at a measurement
magnification of 10,000 to 15,000, and an average particle
of the zeolite fine particles 1s 0.2 um or more and 1.5 um or
less wherein the average particle size of the zeolite fine
particles 1s determined by measuring the size of randomly
extracting 30 or more of independent particles 1dentifiable 1n
a scanning electron microscope 1mage at a measurement
magnification of 1,500 to 3,000.

2. The treatment method of a radioactive 10dine-contain-
ing fluid according to claim 1, wherein the adsorbent for
1odine 1s consisting of a silver-containing binderless zeolite
molded body containing 5 mass % or more of silver 10ns.

3. The treatment method of a radioactive 10dine-contain-
ing flmd according to claim 1, wherein the radioactive
iodine-containing fluid 1s a liquid, and the silver-containing
binderless zeolite molded body 1s 1n a particle form having
a particle size falling within a range from 30 um to 1500 um.

4. The treatment method of a radioactive 1odine-contain-
ing fluud according to claim 2, wherein the radioactive
1odine-containing tluid 1s a liquid, and the silver-containing
binderless zeolite molded body 1s 1n a particle form having
a particle size falling within a range from 30 um to 1500 um.
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